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Abbreviations 

 

B6: C57BL/6 

BSA: Bovine serum albumin 

ChIP-seq: Chromatin immunoprecipitation sequencing  

CHX: Cycloheximide 

DAPI: 4',6-diamidino-2-phenylindole 

DBTMEE: Database of Transcriptome in Mouse Early Embryos  

D-MEM: Dulbecco’s modified eagle medium 

EGFP: Enhanced green fluorescent protein 

ESCs: Embryonic stem cells 

EU: 5-ethynyl uridine  

FBS: Fetal bovine serum 

FGF2: Fibrous grouwth factor 2 

FPKM: Fragments per kilobase of transcript per million mapped fragments 

GDNF: Grial cell line-derived neurotrophic factor 

GENA: Germ cell-specific antigen 

GFRA1: GDNF family receptor alpha 1  

GSCs: Germ stem cells 

H3K27ac: Acetylated H3K27 

H3K4me1: Monomethylated histone H3 lysine 4 

H3K4me2: Dimethylated histone H3 lysine 9 

H3K4me3: Trimethylated histone H3 lysine 4 

H3K9me2: Dimethylated histone H3 lysine 9  

H3K9me3: Trimethylated histone H3 lysine 9 

H3K27me3: Trimethylated histone H3 lysine 27 

H3K36me3: Trimethylated histone H3 lysine 36 

HA: Hemagglutinin 

HBSS: Hanks' balanced salt solutions 

hCG: human chorionic gonadotropin 

HTF: Human tubal fluid 

ICSI: Intracytoplasmic sperm injection 

iPS cells: Induced pluripotent stem cells 

IU: International unit 

IVF: In vitro fertilization 

IVT: In vitro transcription 
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KSOM: Potassium simplex optimization medium 

KSR: Knockout serum replacement 

MEFs: Mouse embryonic fibroblasts 

MEMα: Minimum essential media alpha medium 

PBS: Phosphate-buffered saline 

PBST: PBS containing 0.05% Triton X-100 

PFA: Paraformaldehyde 

PGCs: Primordial germ cells 

PMSG: Pregnant mare's serum gonadotropin 

PN: Pronucleus 

PNs: Pronuclei 

RNAP II: RNA polymerase II 

Rps7: Ribosomal protein S7 

RT: Room temperature 

RT-qPCR: Reverse transcription quantitative polymerase chain reaction 

SD: Standard deviation 

SEM: Standard error of the mean 

SET: Su(var)3-9, Ez and Trx-like 

SSCs: Spermatogonial stem cells 

STOs: SIM mouse embryo-derived thioguanine- and ouabain-resistant fibroblasts 

TBST: Tris buffered saline containing 0.05% Triton X-100 

TIF1α: Transcription intermediary factor 1 alpha 

TYH medium: Toyoda-Yokoyama-Hoshi medium  

WT: Wild type 

ZGA:  Zygotic gene activation 
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Notes 
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General Introduction 

 

 Epigenetic reprogramming is a process through which epigenetic modifications are 

dynamically altered to change the cellular state from differentiated to undifferentiated. It naturally 

occurs to produce undifferentiated cells such as zygotes and primordial germ cells (PGCs) during 

mammalian embryonic development [1, 2]. Artificially, it has been first demonstrated by the nuclear 

transfer to unfertilized oocytes in Xenopus laevis by Gurdon J et al in 1958 [3], and Campbell KH et 

al also demonstrated it by creating cloned sheep with same procedure in 1996 [4]. Recently, 

Takahashi and Yamanaka has demonstrated reprogramming in vitro by transducing defined genes 

(Yamanaka factors: Oct4, Sox2, Klf4 and c-Myc) into somatic fibroblasts and named the cells 

induced pluripotent stem cells (iPS cells) [5]. Revealing the molecular mechanism of reprogramming 

can confer significant benefits for basic sciences such as molecular biology and embryology, and 

applied sciences such as fertilization treatment and regenerative medicines. Regardless many efforts 

to elucidate the molecular mechanism, the whole picture is not clear. 

 Epigenetic modifications such as DNA methylation and histone modifications can regulate 

gene expression without changing the genomic sequences. DNA methylation on promoter regions 

can repress the gene expression, whereas histone methylation can regulate gene expression actively 

or repressively depending on the methylated site [6, 7]. Since epigenetic modifications are inherited 

to daughter cells and keep the same gene expression profiles as mother cells, tissues can maintain 

their function and structure by producing same type of cells [8, 9]. During differentiation, however, 

cells change their gene expression profiles to obtain unique functional phenotypes [10-13]. 

Therefore, differentiated cells have distinct epigenetic properties according to each cell type because 

the change of gene expressions is accomplished by dynamic alteration of epigenetic modifications 

[14-16]. In reprogramming, the epigenetic properties are significantly altered to reset their 
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differentiated phenotype and obtain totipotency or pluripotency [1, 17, 18]. 

 Although reprogramming can be achieved by artificially, the success rate is significantly 

lower than that of natural reprogramming in zygotes and PGCs. Natural zygote can obtain 

totipotency and become individuals in higher probability compared to cloned embryos, and, on top 

of that, reprogramming efficiency of fibroblasts by Yamanaka factors are below 1% [4, 5, 19, 20]. As 

the reason why the difference between natural and artificial reprogramming comes up is still unclear, 

I studied the molecular mechanisms of natural reprogramming of mice germ cells to find the key of 

effective reprogramming. 
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Paternal H3K4 methylation is required for minor zygotic gene 

activation and early mouse embryonic development 
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Introduction 

 

 Zygotes are the only cells that have totipotency, which is the ability that cells can 

differentiate into all type of cells. Although zygotes are derived from sperms and oocytes, both of 

them do not have totipotency and cannot differentiate any more. Therefore reprogramming is 

required for zygotes to establish totipotency soon after fertilization. In zygotes, it occurs at the 

pronuclear stage, during which zygotes have two distinct nuclei that are derived from the sperm 

[paternal pronucleus (PN)] and the oocyte (maternal PN). The pronuclear stage is subdivided into 

five substages (PN1-5) according to the time after fertilization and the locations of the pronuclei 

(PNs) (Fig.1) [21, 22]. In the PNs, genome-wide epigenetic alteration predominantly occurs in the 

paternal PN rather than the maternal PN, implying that paternal epigenetic reprogramming is more 

dynamic than maternal reprogramming [21-27]. For instance, recent studies have demonstrated that 

the genome-wide active DNA demethylation is dependent on Tet3, a member of the DNA 

demethylase family [28], while maternal DNA methylation is protected from active DNA 

demethylation by the binding of PGC7 to dimethylated histone H3 lysine 9 (H3K9me2), which the 

paternal PN lacks [29]. Like H3K9me2, many histone modifications in the paternal PN are 

unestablished or gradually become detectable as the pronuclear stage progresses. In contrast, there is 

no such dynamic alteration of histone modification in the maternal pronucleus. In addition to histone 

modifications, localization of histone variants is also asymmetric between the paternal and maternal 

PNs. Histone H3.3, one of the histone variants that is incorporated into chromatin independently of 

DNA replication, is predominantly incorporated into the paternal pronucleus soon after fertilization 

[25, 30]. The impairment of K27 methylation and K36 methylation of H3.3 by using their 

lysine-arginine substituted mutants (i.e., H3.3-K27R and H3.3-K36R, respectively) has been 

reported to critically affect the development of preimplantation embryos; these effects were not  
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Fig.1 Images of substages in the mouse pronuclear stage. 

The pronuclear stage is subdivided into five substages. PN1-3 and PN4-5 are also called 

early PN and late PN, respectively.   
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observed when H3.1 was used [26, 31]. Collectively, these findings demonstrate the critical role of 

histone methylation in embryonic development,   

 Immediately after fertilization, maternal factors, including RNAs and proteins, are 

abundantly retained in zygotes. During pronuclear stages, these maternally derived components 

degrade rapidly, and transcription of the zygotic genome has to be initiated for subsequent 

embryonic development [32, 33]. Gene transcription during the transition from maternal factors to 

those of the zygote is called zygotic gene activation (ZGA), which consists of two waves: the late 

pronuclear stage (minor ZGA) followed by the two-cell stage (major ZGA) [34, 35]. Minor ZGA is 

the first activation of transcription from the zygotic genome, and occurs at the start of the late 

pronuclear stages. Interestingly, it has been reported that the timing and global gene expression 

levels are different between the paternal and maternal PN: the paternal PN exhibits earlier and higher 

gene transcription compared with the maternal PN [36]. The reason for this transcriptional 

asymmetry is thought to be differences in their chromatin structures. However, exactly what kind of 

epigenetic factor(s) causes the asymmetric transcription in minor ZGA has not yet been elucidated.   

 An enhancer is a cis-regulatory element that activates gene expression and is primarily 

involved in the establishment of cell-specific gene expression [37]. Enhancers have characteristic 

epigenetic properties, which include monomethylated H3K4 (H3K4me1) and acetylated H3K27 

acetylation in active genes, and H3K4me1 and H3K27me3 in poised genes [38-40]. Mll3 (also 

known as Kmt2c) and its paralog Mll4 (also known as Kmt2d), both of which are H3K4 

methyltransferases, mediate H3K4me1 at enhancer or promoter regions and have partial functional 

redundancy [41, 42]. Trr, a Drosophila homolog of Mll3/4, mediates H3K4me1 at enhancer regions, 

and the loss of Trr decreases global H3K4me1 in vivo [43, 44]. Further, Lee et al. have shown that 

Mll4 is crucial for enhancer activation during cell differentiation using adipogenesis and myogenesis 

as a model system [45]. Although the Mll3 protein has been detected in mouse MII oocytes by 
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proteomic analysis [46], its function and contribution to H3K4me1 for epigenetic reprogramming in 

zygote remain elusive. 

 Recently, a search for de novo mutations in paediatric glioma patients identified a genetic 

mutation of lysine 27 to methionine (K27M) in the histone H3.3 gene [47]. Interestingly, this 

mutation not only abrogates K27 methylation in the H3.3 transcribed from the mutated genome, but 

also inhibits global endogenous K27 methylation in non-mutated H3, including H3.1 and H3.2, by 

preventing the methyltransferase activity of PRC2. In addition, the mechanism that prevents catalytic 

activity is often similar to other Su(var)3-9, Ez and Trx-like (SET) domain-containing 

methyltransferases; accordingly, K4M, K9M, and K36M mutants are able to inhibit endogenous K4, 

K9, and K36 methylation, respectively, when they are overexpressed.  

To take advantage of this system, K-M mutants were employed to clarify the roles of 

histone methylation in ZGA. It was found that H3K4 methylation is critical for minor ZGA in the 

paternal PN, and is essential for early preimplantation development in mice. In addition, knockdown 

of Mll3/4 in zygotes elicits a similar effect to the overexpression of the K4M mutant on the 

development of preimplantation embryos, indicative of the importance of H3K4 methylation for 

enhancer regions.  
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Materials and methods 

 

Ethics statement 

 All experimental procedures involving animals were approved by the Animal Experiment 

Ethics Committees at the Institute of Molecular and Cellular Biosciences, The University of Tokyo 

(#23015, #2509).  

 

Oocyte preparation and cell culture 

 Four-to-eight-week old BDF1 mice (C57BL/6 x DBA/2 strain, CLEA Japan, Tokyo, 

Japan) were used for all experiments except for GV injection. MII oocytes, collected from female 

mice treated with 7.5 International unit (IU) pregnant mare's serum gonadotropin (PMSG; ASKA 

Pharmaceutical, Tokyo, Japan) and 7.5 IU human chorionic gonadotropin (hCG; ASKA 

Pharmaceutical), were cultured in human tubal fluid (HTF) medium (Irvine Scientific, CA, USA) 

with 3 mg/ml bovine serum albumin (BSA; Sigma-Aldrich, MO, USA). For harvesting GV oocytes, 

six-to-eight weeks old C57BL/6 x A129 mice were used, because it was found that the survival rate 

after injection was higher than for BDF1 oocytes (data not shown). Forty-six hours after PMSG 

injection, GV oocytes were collected from ovaries by puncturing antral follicles, and then cultured 

with TaM medium a Hepes-buffered 1:1 mixture of Toyoda-Yokoyama-Hoshi medium (TYH 

medium; LSI medience, Tokyo, Japan) and minimum essential media alpha medium (MEMα; 

Thermo Fisher Scientific, MA, USA) supplemented with 5% fetal bovine serum (FBS; Biofill 

Australia Pty. Ltd. Victoria, Australia) and 2 mM L-carnitine (Lonza, Basel, Switzerland); termed 

mTaM medium [48]. 293T cells were cultured in Dulbecco’s modified eagle medium (D-MEM; 

Wako, Osaka, Japan) supplemented with 10% FBS (Biofill), GlutaMAX-I (Thermo Fisher 

Scientific), and penicillin/streptomycin (Thermo Fisher Scientific). Cells were maintained at 37 °C 
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with 5% CO2
 
before use in experiments. 

 

 

In vitro fertilization, cycloheximide treatment, parthenogenetic activation, and natural mating 

 In vitro fertilization (IVF) was performed by adding 2 x 10
5
 sperm to the MII oocytes in 

HTF medium. After 4 hours, fertilized oocytes were washed by pipetting with mouth pipettes in HTF 

medium and cultured at 37 °C with 5% CO2. Cycloheximide (Sigma Aldrich) was added to both IVF 

and embryo culture drops at a concentration of 50 μg/ml. The following day, 2-cell embryos were 

transferred to potassium simplex optimization medium (KSOM; ARK Resource, Kumamoto, Japan) 

and cultured at 37 °C with 5% CO2 until they became blastocysts. Parthenogenetic activation of 

oocytes was performed by treatment with 7% ethanol for 5 minutes at room temperature (RT) [49]. 

Natural mating was performed by mating male and female mice treated with PMSG and hCG, and 

zygotes were collected from female mice outfitted with copulation plugs on the next day. 

 

Plasmid construction and in vitro transcription 

 The cDNA of Flag-HA-tagged H3.1 and H3.3 were obtained from pOZ-e-H3.1 and e-H3.3, 

respectively [50]. These cDNAs were subcloned into a pcDNA3.1-poly(A)83 vector [51] and used 

for transfection or in vitro transcription (IVT). Transfection of plasmids into 293T cells was 

performed using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s 

instructions in D-MEM supplemented with 10% FBS and GlutaMAX-I. IVT was performed using 

the RiboMAX Large Scale RNA Production System T7 (Promega, WI, USA) according to the 

manufacturer’s instructions. Synthesized mRNAs were purified with Illustra MicroSpin G-25 

columns (GE Healthcare, Little Chalfont, UK) before microinjection. 
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Microinjection of mRNAs and siRNAs and intracytoplasmic sperm injection (ICSI) 

 Microinjection of mRNAs and siRNAs into MI and MII oocytes or zygotes was performed 

using a pneumatic microinjector (IM-11-2 and IM-12, NARISHIGE, Tokyo, Japan) and a Piezo 

Impact Micro Manipulator (PMM-150FU, PRIME TECH, Tokyo, Japan). Approximately 3–5 pl (= 

polar body size) of 40 ng/μl mRNAs or 90 μM siRNAs (Thermo Fisher Scientific) were 

microinjected into the cytoplasm of MI and MII oocytes and zygotes in M2 medium (ARK 

Resource). MI oocytes, developed from GV oocytes by approximately 2 hours culture in mTaM 

medium, were subject to siRNA injection followed by culture with mTaM medium for 28-30 hours, 

and the cells that successfully maturated to MII oocytes were subject to ICSI. When MII oocytes 

were used initially, ICSI was performed 4 hours after mRNA microinjection or 8 hours after siRNA 

microinjection.  

 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)  

 cDNA was extracted from MII oocytes, zygotes, and 2-cell embryos using SuperScriptIII 

Cells Direct cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Sample preparation was performed using KAPA SYBR FAST qPCR Kit Master Mix 

(2x) ABI Prism (KAPA Biosystems, MA, USA) or KAPA PROBE FAST ABI Prism 2x qPCR 

Master Mix (KAPA Biosystems), and analyzed by either an Eco Real PCR System (Illumina, CA, 

USA) or StepOnePlus (Thermo Fisher Scientific). Results were normalized based on the geometric 

average of reference genes (Ppia, H2afz, Hprt1) [52, 53] as a standard. For single-cell RT-qPCR 

analysis, Hprt1 was used as an internal control, the Cq value of which did not vary greater than 

2-fold among all samples. The average Venus Cq value from RT-qPCR samples was considered to be 

derived from a single copy of paternal genomic DNA: thus, Venus Cq values more than the average 

were calculated as 0 (= no amplification). Primer sequences for qPCR are listed in Table 1. 
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Table1 Primer sequences for RT-qPCR 

 

 

 

 

 

 

 

 

 

Primer
Sequence

Forward (5’3’) Reverse (5’3’)

Setd1a ggtgtaccgctatgacggag gggagggaaaagtctctggc

Setd1b tttgccatggagccaattgc atgtagctgctaccgatgcc

Mll1 tcaacccactctcgaatggc ggacagaggtcaggatccct

Mll2 ctcgccactgaggatacgtc ccctgtagaccctgtaggct

Mll3 actggagagctgaatgcacc ctctagcagcatacaggccc

Mll4 ctgacaaagccccctacctg cggtcgatcagtcttacggg

Ppia cgcgtctccttcgagctgtttg tgtaaagtcaccaccctggcacat

H2afz acagcgcagccatcctggagta ttcccgatcagcgatttgtgga

Hprt1 gcttgctggtgaaaaggacctctcgaag ccctgaagtactcattatagtcaagggcat

Venus ggcacaagctggagtacaacta ggatcttgaagttggccttgat
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Immunostaining 

 Embryos were washed with phosphate-buffered saline (PBS) containing 0.1% BSA 

(PBS/BSA) and treated Tyrode’s solution (Sigma Aldrich) to remove the zona pellucida. Denuded 

embryos or 293T cells were fixed with 4% paraformaldehyde (PFA) or methanol at RT for 15 

minutes or at 4 °C overnight. They were then washed with PBS/BSA or PBS and permeabilized with 

0.5% Triton X-100 at RT for 15 minutes. After washing with PBS containing 0.05% Triton X-100 

(PBST) and blocking with 5% goat serum at RT for 1 hour, cells were incubated with anti-H3K4me3 

(ab8580, Abcam, Cambridge, UK,), anti-H3K4me1 (ab8895, Abcam), anti-H3K9me3 (ab8898, 

Abcam), anti-H3K27me3 (07-449, Merck KGaA, Darmstadt, Germany), anti-H3K36me3 (ab9050, 

Abcam), anti-FLAG (Sigma-Aldrich), anti-RNA polymerase II C-terminal domain repeat (8WG16, 

Abcam) or anti-Brg-I (sc-10768, Santa Cruz Biotechnology, Heidelberg, Germany) antibodies in 5% 

goat serum at RT for 1 hour. Anti-acetylated H3K27 antibody was kindly provided by Dr. H. Kimura 

at Tokyo Institute of Technology, Japan. Embryos and 293T cells were then washed with PBST and 

incubated with Alexa Fluor 488 (Thermo Fisher Scientific) and Alexa Fluor 594 (Thermo Fisher 

Scientific) in Tris buffered saline containing 0.05% Triton X-100 (TBST) at RT for 1 hour followed 

by 4',6-diamidino-2-phenylindole (DAPI) staining (VECTASHIELD for embryo; VECTORS, CA, 

USA, or DAPI solution for 293T; Dojindo, Kumamoto, Japan). After washing with PBS, all samples 

in each experiment were collected in the same drop on a glass bottom dish, then fluorescent images 

were captured with confocal microscopes at the same time (CV1000, Yokogawa Electric Corporation, 

Tokyo, Japan or LSM780, Carl Zeiss AG, Jena, Germany) and processed with ImageJ software 

[54-56]. Results were obtained from at least three independent experiments with total sample size 

>10. 
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Global transcription assay  

 Global transcription assays were performed using a Click-iT RNA Alexa Fluor 488 

Imaging Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. Briefly, zygotes 

were incubated with 2 mM 5-ethynyl uridine (EU) at 37 °C for 2 hour, treated with Tyrode’s solution, 

fixed with 4% PFA, and treated with methanol for PN zygotes at -30 °C for 10 minutes or 0.5% 

Triton X-100 for 2-cell embryos at RT for 15 minutes. After washing with TBST three times at RT, 

embryos were then incubated in the Click-iT reaction cocktail at RT for 30 minutes and then washed 

with the Click-iT reaction rinse buffer. After DNA staining with VECTASHIELD (VECTOR), 

fluorescence images were captured using a CV1000 microscope and processed with ImageJ software. 

Results were obtained from at least three independent experiments with total sample size >10. 

 

Data quantification and statistical analysis 

 Images of each 2 μm section were obtained by CV1000 and intensities of (pro)nuclei and 

cytosol (equal size to the nucleus for comparison) for each section were measured by manually 

outlining each (pro)nucleus with ImageJ software after background subtraction. When it was 

difficult to find the nuclear region due to very low intensities, signals of FLAG, H3K27ac or DAPI 

were used for guides. After calculating total intensities of each whole (pro)nucleus and cytosol by 

summing the intensities of all of its sections, relative intensities (i.e., ratio of paternal/maternal PN 

for zygote, and ratio of nucleus/cytosol for 2-cell embryo) were calculated. Statistical analysis for 

embryonic survival rates were performed using the chi-square test [57, 58]. For the comparison of 

the expression levels of Mll3 and Mll4 after siRNA treatment, Student’s t test was performed. For 

other experiments, the Shapiro–Wilk test was first used to check whether the data was normally 

distributed or not. When data was normally distributed, Bartlett’s test was used to check for equality 

of variance, whereupon ANOVA and Tukey–Kramer test were performed for data having equal 
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variance and the Games–Howell test for data having unequal variance. When data was not normally 

distributed or at least one group in the data was not normally distributed, the Steel–Dwass test was 

performed. 
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Results 

 

H3K4 methylation of the paternal pronucleus is required for early preimplantation 

development 

 To verify the role of histone methylation in preimplantation embryos, K-M mutants against 

lysine 4 (K4M), 9 (K9M), 27 (K27M) and 36 (K36M) residues in histone H3.1 or H3.3, respectively, 

were prepared. H3.3 was preferentially selected instead of H3.1 or H3.2, because H3.3 is rapidly 

incorporated into chromatin at the early pronuclear stage after fertilization, whereas the 

incorporation of H3.1/H3.2 is markedly delayed [59]. Indeed, several studies have documented the 

importance of H3.3 over H3.1 in early embryonic development [25, 30]. Global inhibitory effects of 

histone methylation by overexpressing these K-M mutants were first confirmed in 293T cells (Fig. 

2).  

 For mouse embryos, overexpression was induced by injecting the mRNAs of these 

mutants into the cytoplasm of MII oocytes followed by intracytoplasmic sperm injection (ICSI), 

which ensured the translation of mutant proteins from the injected mRNAs by the time of 

fertilization and early zygotic stages (Fig. 3A, red line). mRNA injection after in vitro fertilization 

(IVF) was also performed, in which the mutant proteins were expressed from the late pronuclear 

stages (PN4–5) onwards (Fig. 3A, blue line). In both experiments, embryonic development was 

monitored until the blastocyst stage. It was found that injection of H3.3 K4M mutants before 

fertilization significantly decreased the embryo survival rate (Fig. 3B). Interestingly, this effect was 

not observed in the case of injection after fertilization (Fig. 3C), suggesting that although the 

retarded cell growth in H3.3 K4M-injected embryos occurred after the 8-cell stage (Fig. 3B), the 

cause of the abnormality had already occurred in the zygotic stages (Fig. 3A). Other than the H3.3 

K4M, the H3.3 K36M also exhibited significant growth retardation when it was  
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Fig. 2 K-M mutants decrease global endogenous histone methylation. 

Immunofluorescent images of 293T cells overexpressed K-M mutants: H3.3 K4M (A), H3.3 K9M 

(B), H3.3 K27M (C) and H3.3 K36M (D), respectively. Arrows indicated the cells in which H3.3 

wild type (WT) or each K-M mutants were overexpressed. Bars = 20 μm. 
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Fig. 3 Overexpression of H3.3 K4M before fertilization causes the developmental arrest of 

early preimplantation embryos. 

(A) A scheme of the experimental procedure. Red and blue lines indicates the estimated protein 

levels from injected mRNA injected prior to and after fertilization, respectively. Green bars indicated 

H3K4me1/3 modification detected in paternal genome. (B, C) Developmental rate of zygotes 

overexpressing H3.3 K4M or H3.3 K4R before (B) or after (C) fertilization. Each figure shows 

survival curves (left), representative images at the blastocyst stages (right top), and developmental 

rates (right bottom). Survival curves are presented as average percentages ± standard deviation (SD) 

from three independent experiments. Chi-square test was performed for analyses of embryos through 

development to the blastocyst stage. Yellow arrows indicate embryos exhibiting developmental 

arrest. * p < 0.01, bars = 50 μm  
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Fig. 4 H3K36 methylation is necessary for the early preimplantation development. 

Developmental rate of zygotes overexpressed H3.3 K36M (A), H3.3 K27M (B) and H3.3 K9M (C), 

respectively, before fertilization. Each figure exhibited survival curves (Left), representative pictures 

(right top) and developmental rates (right bottom). Survival curves are presented as average 

percentages ± SD from three independent experiments. Chi-square test was performed for analyses 

of embryos through development to the blastocyst stage. Yellow arrows indicate embryos exhibiting 

developmental arrest. Bars = 50 μm. * p < 0.01. 

 

0

20

40

60

80

100

0 1 2 3 4 5

H3.3 WT

H3.3K9M

0

20

40

60

80

100

0 1 2 3 4 5

H3.3 WT

H3.3K27M

0

20

40

60

80

100

0 1 2 3 4 5

H3.3 WT

H3.3K36M

S
u
rv

iv
al

 r
at

e 
(%

)

Zygote 2-cell 4-cell 8-cell Morulla Blastocyst

mRNA injection

→ Fertilization

Percentage of embryos 

developing to the blastocyst

Total number of 

embryos

H3.3 WT 77.3 36

H3.3 K36M 38.9 41

*

H3.3 WT H3.3 K36M
S

u
rv

iv
al

 r
at

e 
(%

)

Zygote 2-cell 4-cell 8-cell Morulla Blastocyst

mRNA injection

→ Fertilization

Percentage of embryos 

developing to the blastocyst

Total number of 

embryos

H3.3 WT 71.5 25

H3.3 K27M 73.6 32

S
u
rv

iv
al

 r
at

e 
(%

)

Zygote 2-cell 4-cell 8-cell Morulla Blastocyst

mRNA injection

→ Fertilization

Percentage of embryos 

developing to the blastocyst

Total number of 

embryos

H3.3 WT 75.9 29

H3.3 K9M 73.1 35

A

B

C

H3.3 WT H3.3 K27M

H3.3 WT H3.3 K9M



23 

 

injected before fertilization (Fig. 4A), consistent with previous work demonstrating the importance 

of H3.3 K36 methylation for early embryonic development [31]. In contrast, K9M and K27M 

mutants did not exhibit any significant abnormalities (Fig. 4B, C). It was also found that the H3.3 

K4R mutant, which itself is not methylated but does not affect endogenous H3K4 methylation, had 

no effect on embryonic development regardless of the order of mRNA injection and fertilization (Fig. 

3B, C), implying that the inhibition of endogenous global H3K4 methylation is responsible for the 

phenotype. 

 

 To confirm the alteration of H3K4 methylation in H3.3 K4M-injected embryos, 

immunostaining in PN4–5 zygotes and 2-cell embryos were performed. The results clearly 

demonstrated a significant reduction of both H3K4me1 and H3K4me3 predominantly occurred in 

paternal PNs of PN4–5 zygotes, whereas the level of H3K4 methylation in maternal PN was 

relatively stable, although H3.3 K4M protein was comparably localized in both pronuclei. These 

results suggest that the effect of the H3.3 K4M mutant was dependent not only on the inhibition of 

SET domain-containing methyltransferases but also on chromatin incorporation, and that the 

maternal PN exhibited less dynamic H3K4me1 (Fig. 5) and H3K4me3 (Fig. 6). Furthermore, 

overexpression of H3.1 K4M did not alter endogenous K4 methylation even in paternal PN despite 

its nuclear localization, whereas it worked properly when it was overexpressed in 293T cells (Fig. 7), 

supporting the idea that the effect of the K4M mutants in zygotes is incorporation-dependent. At the 

2-cell stage of H3.3 K4M-expressing cells, both H3K4me1 and H3K4me3 exhibited uneven nuclear 

localization, presumably because paternal PN-derived genomes are less methylated (Fig. 8 and 9). 

As expected, the H3.3 K4R mutant did not alter endogenous K4 methylation at either of the stages 

(Fig. 5, 6, 8 and 9), supporting the hypothesis that H3.3 K4M-induced growth retardation is likely 

due to the global reduction of H3K4 methylation.  
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Fig. 5 Overexpression of H3.3 K4M causes paternal PN-specific decrease of global H3K4me1 

in PN4-5 zygotes. 

Immunostaining against H3K4me1 was performed for PN4-5 zygotes. White dashed lines indicated 

the edge of the PN4-5 PNs. Flag staining indicates the expression of H3.3 WT or H3.3 K4M 

mutants. Bars = 10 μm. Each boxplot shows the quantified intensities of the attached images 

normalized by the intensities of paternal/maternal pronuclear intensity ratio. Sample numbers are as 

indicated. * p < 0.01, 
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Fig. 6 Overexpression of H3.3K4M causes paternal PN-specific decrease of global H3K4me3 in 

PN4-5 zygotes. 

Immunostaining against H3K4me3 was performed for PN4-5 zygotes. White dashed lines indicated 

the edge of the PN4-5 PNs. Flag staining indicates the expression of H3.3 WT or H3.3 K4M 

mutants. Bars = 10 μm. Each boxplot shows the quantified intensities of the attached images 

normalized by the intensities of paternal/maternal pronuclear intensity ratio. Sample numbers are as 

indicated. * p < 0.01, 
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Fig.7 H3.1 K4M causes global decrease endogenous H3K4 methylation in 293T cells but not 

zygotes. 

(A) Immunofluorescent images of 293T cells overexpressed H3.1 WT (upper panels) and H3.1 K4M 

(lower panels). Arrows indicated the cells in which H3.1WT or H3.1 K4M were overexpressed. Bars 

= 20 μm. (B) Immunofluorescent images of PN4-5 zygotes overexpressed H3.1 WT (upper panels), 

H3.1 K4M (middle panels) or H3.1 K4R (lower panels), respectively. Bars = 20 μm. 
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Fig. 8 Overexpression of H3.3K4M causes paternal PN-specific decrease of global H3K4me1 in 

2-cell embryos. 

Immunostaining against H3K4me1 was performed for 2-cell embryos. White dashed lines indicate 

the edge of the 2-cell cytoplasm. Flag staining indicates the expression of H3.3 WT or H3.3 K4M. 

Bars = 20 μm. Each boxplot shows the quantified intensities of the attached images normalized by 

the paternal/maternal pronuclear intensity ratio. Sample numbers are as indicated. * p < 0.01, ** p < 

0.05.  
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Fig. 9 Overexpression of H3.3K4M causes paternal PN-specific decrease of global H3K4me3 in 

2-cell embryos. 

Immunostaining against H3K4me3 was performed for 2-cell embryos. White dashed lines indicate 

the edge of the 2-cell cytoplasm. Flag staining indicates the expression of H3.3 WT or H3.3 K4M. 

Bars = 20 μm. Each boxplot shows the quantified intensities of the attached images normalized by 

the paternal/maternal pronuclear intensity ratio. Sample numbers are as indicated. * p < 0.01, ** p < 

0.05.  
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Minor ZGA in the paternal pronucleus is altered by the H3.3 K4M mutant 

As H3K4 methylation is well known to be highly associated with active transcription, 

global transcription levels in H3.3 K4M-expressing embryos were examined using a 5-ethynil 

uridine (EU) incorporation assay at the PN4–5 stages and the 2-cell stage, corresponding to the 

minor and major ZGA, respectively. Consistent with the levels of H3K4 methylation shown in Fig. 5 

and 6, transcription was significantly altered in the paternal PN of H3.3 K4M-expressing zygotes, 

whereas H3.3 K4R had no such effect on transcription (Fig. 10). Although there was a modest 

decrease in transcription in H3.3 K4M-expressing cells at the 2-cell stage, no significant change in 

transcription was observed between samples (Fig. 11). Collectively, these data indicate that the 

growth retardation by H3.3 K4M mutants is caused by the alteration of minor, rather than major, 

ZGA in the paternal PN, and its onset is dependent on H3K4 methylation. 

To further confirm the inhibitory effect of the H3.3 K4M mutant on paternal transcription 

during minor ZGA, the mRNA level of a paternally transcribed gene was compared between H3.3 

wild-type (WT) versus H3.3 K4M injection conditions. For this particular experiment, a transgenic 

mouse line which carries a histone H4-Venus fusion transgene under the regulation of an endogenous 

histone H4 promoter was used (Fig. 12A) [60]. Weak but substantial expression of H4-Venus in 

zygotes and 2-cell embryos obtained from mating pairs of H4-Venus Tg sperm x WT oocytes were 

found (Fig. 12B). Comparison of the Venus mRNA levels between H3.3 WT- and H3.3 

K4M-injected 1-cell embryos found a reduced level of Venus in H3.3 K4M-injected embryos (Fig. 

12C). This result provided another piece of evidence that suppression of H3K4 methylation by H3.3 

K4M attenuates paternal allele-derived minor ZGA. 

 

Mll3/4 expression in the PN stage is necessary for early preimplantation development 

 There are six major histone methyltransferases that catalyse H3K4 methylation—Setd1a, 
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Fig. 10 Overexpression of H3.3K4M causes a reduction of global transcription predominantly 

in paternal PNs. 

Representative fluorescent images of H3.3WT, H3.3 K4M and H3.3 K4R-overexpressed zygotes 

with EU treatment. Dashed lines indicate the edge of the PN4-5 PNs. Bars = 20 μm. Each boxplot 

shows the quantified EU intensities normalized by the paternal/maternal pronuclear intensity ratio. 
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. 

Fig. 11 Overexpression of H3.3K4M does not cause a reduction of global transcription 

predominantly in 2-cell embryos. 

Representative fluorescent images of H3.3WT, H3.3 K4M and H3.3 K4R-overexpressed 2-cell 

embryos with EU treatment. Dashed lines indicate the edge of the cytoplasm. Bars = 20 μm. Each 

boxplot shows the quantified EU intensities normalized by the paternal/maternal pronuclear intensity 

ratio. * p < 0.01 
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Fig. 12 Overexpression of H3.3K4M causes a reduction of H4-Venus expression derived from 

the paternal genome. 

(A) Scheme of the experimental procedure for (B) and (C). (B) Representative image of 

sperm-derived H4-Venus expressing embryos. Bar = 20 μm. (C) Relative expression levels of 

H4-Venus by single cell RT-qPCR. Sample numbers are as indicated.  ** p<0.05 
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Setd1b, Mll1, Mll2, Mll3, and Mll4—which are divided into three distinct groups according to their 

sequence similarity and complex formation: Set1a/b, Mll1/2 and Mll3/4 [61-63]. To determine the 

enzyme responsible for H3K4 methylation during minor ZGA, their expression levels from MII 

oocytes to 2-cell stage embryos were first investigated using the Database of Transcriptome in 

Mouse Early Embryos (DBTMEE, http://dbtmee.hgc.jp/index.php) [64] [65]. The database indicated 

that among these H3K4 methyltransferases, Mll3 showed transient expression highest at the 1-cell 

stage with a fragments per kilobase of transcript per million mapped fragments (FPKM) score of 

81.5485, which was equivalent to that of Actb (also known as beta-actin; 90.2577) and higher than 

that of Gapdh (23.5705) (Table 2A). Mll2 also displayed a high FPKM score (31.451), whereas Mll4, 

Setd1a, and Setd1b were expressed to much lower degrees, and Mll1 was barely detectable (Table 

2A). Interestingly, among these six enzymes, only Mll3 and Mll4, both of which are orthologs of 

Drosophila Trr and have some functional redundancy, are categorized as “minor ZGA” depending 

on their expression patterns during the preimplantation stages (Table 2A). Because these six 

methyltransferases are composed of three distinct protein complexes (Table 2A) [66], the expression 

of molecules unique to each complex were further examined. The results showed that Paxip1, Ncoa6, 

and Kdm6a, unique components of the Mll3/4 complex, as well as factors that commonly exist in all 

three complexes (Dpy30, Rbbp5, Wdr5), were relatively abundantly expressed in preimplantation 

embryos and had a “minor ZGA” pattern of expression, supporting the hypothesis that Mll3/4 is 

involved in H3K4 methylation in minor ZGA (Table 2B). The gene expression dynamics of the six 

methyltransferases according to pronuclear stage were verified by RT-qPCR, because the enzymes 

that function in minor ZGA (= the late pronuclear stages) could be transcribed in the early pronuclear 

stages so that there is enough time for them to be translated. Indeed, a transient increase in Mll3 

expression in the early pronuclear stages were found, suggesting that Mll3 is likely translated by the 

time of minor ZGA (Fig. 13). To further consolidate this idea, embryos were treated with 
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cycloheximide (CHX), an inhibitor of protein synthesis, at the time of fertilization. Interestingly, 

CHX treatment caused alteration of subnuclear localization and marked reduction of H3K4me1 and 

H3K4me3 in PN4-5, respectively (Fig. 14 and 15). Notably, retained H3K4me1 in CHX-treated 

embryos was accumulated in heterochromatic areas such as perinuclear and pericentromeric regions, 

where transcription was generally silenced (Fig. 16). Although this experiment did not specify 

Mll3/4 as responsible for zygotic H3K4 methylation, it supported the idea that de novo protein 

synthesis is required for full H3K4 methylation in minor ZGA. 

 

 Based on the gene expression pattern, the contribution of Mll3 and its paralog Mll4 in 

early preimplantation development were tested. Mll3 and Mll4 were knocked down by siRNA 

microinjection followed by ICSI using the same procedure as H3.3 K4M microinjection. To ensure 

that the siRNA was fully functional, siRNA microinjection into MII oocytes 8 hours before ICSI was 

performed in accordance with the protocol of a previous report [67], and confirmed that both Mll3 

and Mll4 mRNA levels were decreased by ~85% and ~60%, respectively, at the 2-cell stage (Fig. 

17A). Similar to the effects of overexpression of H3.3 K4M, single knockdown of Mll3 caused 

developmental retardation at the 4-cell stage and arrest at the morula stage, whereas such alterations 

were not observed when siMll3 was microinjected after fertilization (Fig. 17B, C). On the contrary, 

single knockdown of Mll4 did not significantly affect embryonic development, regardless of the 

order of siRNA injection and fertilization (Fig. 17B, C). However, simultaneous knockdown of Mll3 

and Mll4 (siMll3&4) synergistically affected early embryonic development only when the 

knockdown was performed before fertilization (Fig. 17B, C), suggesting that the Mll3/4 is essential 

in early embryonic development.   
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Table 2 Gene expression patterns from DBTMEE 

FPKM scores from RNA-sequence data for embryos at each stage. Oo = oocyte, 1C = 1-cell zygote, 

2C = 2-cell embryo, p1C = parthenogenetic 1-cell. FPKM = fragments per kilobase of transcript per 

million mapped fragments. 

 

 

Gene Complex RefSeq ID
Expression (FPKM)

Cluster Correlation
Oo 1C 2C p1C

Setd1a
Set1 complex

NM_178029 3.2596 3.0006 4.6672 4.5208 2-Cell Transient 0.9349

Setd1b NM_001040398 2.5324 3.9732 1.2724 8.8600 - -

Mll1

Mll1/2 complex

NM_001081049 0.0156 0.0604 0.7855 0.0735 2-Cell Transient 0.9983

Mll2
NM_001290573

NM_029274
27.0880 31.4509 9.7057 52.8020 Maternal RNA 0.9313

Mll3
Mll3/4 complex

NM_001081383 36.5327 81.5485 59.7321 98.3152 Minor ZGA 0.8229

Mll4 NM_001033276 3.8605 8.9460 5.3005 21.4913 Minor ZGA 0.9977

Actb - NM_007393 38.5702 90.2577 43.4170 156.4700 4-Cell Transient 0.9540

Gapdh -
NM_001289726

NM_008084
8.9685 23.5705 9.2051 38.8086 1-Cell Transient 0.9711

Rps18 - NM_011296 12.8851 3.4900 141.3360 4.0016 MGA 0.9943

A

B

Gene Complex RefSeq ID
Expression (FPKM)

Cluster Correlation
Oo 1C 2C p1C

Wdr82 Set1 complex NM_029896 108.9050 142.5760 43.5376 146.0800 Maternal RNA 0.9512

Men1
Mll1/2 complex

NM_001168488

NM_001168489

NM_001168490

NM_008583

34.8539 19.3517 5.8675 9.0605 Maternal RNA 0.9441

Hcfc1 NM_008224 4.1618 5.1513 7.5938 8.0109 MGA 0.9801

Paxip1

Mll3/4 complex

NM_018878 4.1535 5.4014 4.1693 7.8457 Minor ZGA 0.9192

Ncoa6
NM_001242558

NM_019825
48.1207 87.6279 75.0216 115.8390 Minor ZGA 0.9858

Kdm6a NM_009483 82.4269 138.6160 44.2918 127.8390 Minor ZGA 0.9979

Dpy30

Set1 complex

Mll1/2 complex

Mll3/4 complex

NM_001146222

NM_001146223

NM_001146224

NM_024428

155.4040 292.8240 175.3080 192.1310 Minor ZGA 0.9316

Rbbp5 NM_172517 29.3054 40.0043 12.4174 42.7093 Minor ZGA 0.9344

Wdr5 NM_080848 138.7120 263.3490 151.7520 292.1610 Minor ZGA 0.9939

Ash2l

NM_001080793

NM_001286207

NM_011791

21.0530 18.5563 18.3213 19.0263 Maternal to MGA 0.9512
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Fig. 13 Gene expression profiles of H3K4 methyltransferase 

Relative mRNA expression levels of H3K4 methyltransferases were examined in MII oocyte, early 

PN (PN1-3) zygote and late PN (PN4-5) zygote (A), and relative mRNA levels of Mll3 was 

examined for oocyte, zygote, sperm and parthenote (B). Each data is presented as means ± SD from 

three independent experiments. The Y-axis indicates relative expression levels normalized with the 

geometric average of reference genes (Ppia, H2afz, Hprt1), and the value of MII set to 1 for each 

group. 
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Fig. 14 Effect of CHX treatment on H3K4me1 in zygotes. 

Effect of CHX on H3K4me1 in PN4-5 zygotes. Immunostaining of H3K27ac was provided as a 

nuclear marker. n>10 for each experimental group. Bars = 20 μm.  
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Fig. 15 Effect of CHX treatment on H3K4me3 in zygotes. 

Effect of CHX on H3K4me3 in PN4-5 zygotes. Immunostaining of H3K27ac was provided as a 

nuclear marker. n>10 for each experimental group. Bars = 20 μm.  
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Fig. 16 Effect of CHX treatment on H3K4me1 localization in zygotes. 

 (left panels) Single slice Z-section image of paternal PN representing altered subnuclear 

localization of H3K4me1 by CHX treatment. Bars = 10 μm. (right panels) Magnified images of 

areas indicated by yellow boxes in the merged images.  
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Fig. 17 Knockdown of Mll3&4 before fertilization causes embryonic developmental arrest and 

Mll4 exhibits a synergistic effect. 

(A) mRNA expression of Mll3 and Mll4 were examined for 2-cell embryos which were 

microinjected with siMll3 and siMll4, respectively. Data are presented as means ± SD from three 

independent experiments. The Y-axis indicates relative expression levels with respect to the value of 

siControl-injected embryo, set to 1 for each group. (B-C) Developmental rate of zygotes with Mll3 

and/or Mll4 knockdown before (B) and after (C) fertilization. Each figure shows survival curves 

(left), representative images at the blastocyst stages (right top), and developmental rates (right 

bottom). Yellow arrows indicate embryos exhibiting developmental arrest. * p < 0.01, ** p < 0.05, 

bars = 50 μm  
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 Recent studies have uncovered distinct functions for each Mll complex. The Mll3/4 

complex is reported to be preferentially involved in enhancer activation through H3K4me1, in 

cooperation with Utx and p300, to remove H3K27me3 and ensure H3K27ac, respectively, rather 

than in promoter activation through H3K4me3. To examine whether siMll3/4 affected H3K4 

methylation, immunostaining was performed in siMll3/4 zygotes followed by ICSI. However, no 

remarkable change in global H3K4me1 or H3K4me3 was observed in siMll3 or siMll3/4 embryos, 

respectively (Fig. 18). Nuclear accumulation of RNA polymerase II (RNAP II) C-terminal domain, 

including the non-phosphorylated form (Pan), the phosphorylated form at serine 5 representing 

transcriptional initiation (Ser5), and the phosphorylated form at serine 2 representing transcriptional 

elongation (Ser2), was also maintained in the knockdown embryos (Fig. 18). Similarly, Brg-1, a 

component of the switch/sucrose non-fermentable (SWI-SNF) chromatin remodelling complex, and 

previously reported to be involved in ZGA, was unaffected by siMll3/4 (Fig.18). These results 

suggested at least three possibilities. The first is that, since minor ZGA is a very weak transcriptional 

wave compared with major ZGA at the 2-cell stage, global changes in H3K4 methylation may not be 

especially correlated with transcriptional levels. The second is that Mll3/4 may simply not be 

responsible for global H3K4 methylation in zygotes. The third is that due to the abundant mRNA 

levels in oocytes, injecting siRNA into MII oocytes is too late to suppress their expressions (Table 2). 

To verify the second and third possibilities, siMll3/4 was injected into MI oocytes, followed by in 

vitro maturation for 30 hours and ICSI. As a result, a significant decrease of H3K4me1 in paternal 

PNs rather than in maternal PNs was observed in PN4-5 zygotes, confirming that Mll3/4 is 

responsible for paternal H3K4me1 in zygotes (Fig. 19 and 20A). Furthermore, reduction of 

H3K27ac was also induced by siMll3/4, implying a role of Mll3/4 in enhancer regions (Fig. 19 and 

20B). Consistently, depletion of p300, the mRNA expression of which was significantly increased in 

PN1-3 stages, via siRNA injection also induced developmental arrest at around the 4-cell stage, also 
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indicating the importance of enhancers in minor ZGA (Fig. 21).  

 

 Finally, the effect of siMll3/4 on transcription was examined via an EU incorporation assay. 

A significant reduction in transcription in the paternal PN of Mll3 and Mll4 double-knockdown 

zygotes was observed (Fig. 22). Taking these results together, it is concluded that paternal H3K4me1 

catalyzed by the Mll3/4 complex is required for minor ZGA in the paternal genome, and its 

alteration causes developmental arrest in preimplantation embryos.  
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Fig. 18 Behavior and effect of transcriptional regulators involved in ZGA 

Knockdown of Mll3/4 does not alter the global H3K4me1/3 levels and the nuclear localization of 

RNAPII in zygotes. Immunostaining against H3K4me1 and PolII-pan (A), H3K4me3 and PolII-Ser5 

(B) and Brg-1 and PolII-Ser2 (C) were performed in PN4-5 zygotes injected siControl or siMll3&4. 

Bars = 20 μm. 

A
Paternal PN Maternal PN

H3K4me1 MergeRNAPII Pan

si
C

o
n
tr

o
l

si
M

ll
3

&
4

BrgI MergeRNAPII Ser2

si
C

o
n
tr

o
l

si
M

ll
3

&
4

H3K4me3 MergeRNAPII Ser5

si
C

o
n
tr

o
l

si
M

ll
3

&
4

Paternal PN Maternal PN

Paternal PN Maternal PN

B

C



44 

 

 

 

Fig. 19 Knockdown of Mll3 and Mll4 causes a reduction of global H3K4me1 and H3K27ac 

predominantly in paternal PNs. 

Representative images of H3K4me1 and H3K27ac in zygotes microinjected with siControl or 

siMll3&4. Bars = 20 μm.  
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Fig. 20 Quantitative analysis of global H3K4me1 and H3K27ac in Mll3&4 knocked down 

zygotes. 

Boxplots of quantified H3K4me1 (A) and H3K27ac (B) intensities. Sample numbers are as 

indicated. * p < 0.01.  
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Fig. 21 Knockdown of p300 causes the developmental arrest of early preimplantation embryos. 

(A) Relative mRNA expression levels of p300 were examined in oocyte, zygote (PN1-5), sperm and 

parthenote. Data are presented as means ± SD from three independent experiments. The Y-axis 

indicates relative expression levels, and the value of MII was set as 1 for each group. (B) 

Representative images of zygotes microinjected sip300 followed by ICSI at the blastocyst stages. 

Arrows indicate embryos exhibiting developmental arrest. Bars = 100 μm  
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Fig. 22 Knockdown of Mll3 and Mll4 causes a reduction of global transcription predominantly 

in paternal PNs. 

Representative images of EU staining in zygotes microinjected with siControl or siMll3&4. Bars = 

20 μm. Boxplots of quantified data from EU incorporation assay. * p < 0.01.  
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Discussion 

 

 Maternal to zygotic transition is a critical step for cells to convert from oocytes to embryos 

in terms of their genetic properties. This is thought to be a consequence of nuclear reprogramming, 

which induces the active transcription of zygotic genes, and plays pivotal roles in subsequent 

development. In mice, minor ZGA starts at the late pronuclear stages, which correspond to the first 

cell cycle of zygotes. It has been reported that the male PN exhibits higher transcriptional activity 

than the female PN due to its chromatin structure. After fertilization, protamines in sperm chromatin 

are rapidly removed and replaced by maternally expressed histones, which acquire various 

modifications as the zygotic stages proceed. During the zygotic period, some histone modifications 

in the paternal genome are quickly established and reach levels equivalent to those in the maternal 

genome, whereas others remain unmodified. Interestingly, Liu et al. recently reported that 

reprogramming factors are predominantly expressed from the paternal PN rather than the maternal 

PN [68]. However, it has been unclear whether and how this asymmetric epigenetic state influences 

transcriptional properties in minor ZGA.  

 

 In this study, K-M mutants to inhibit global histone methylation in zygotes were used, and 

it was discovered that H3K4 methylation is critical for the onset of minor ZGA in the paternal PN 

and subsequent preimplantation development. H3K4 can be mono (me1)-, di (me2)-, and tri 

(me3)-methylated, and it is closely associated with transcriptional activation. In maternal PNs, 

H3K4me1, -me2, and -me3 abundantly and stably exist throughout the zygotic stages, whereas in 

paternal PNs, H3K4me1 and H3K4me2 are established by PN2–3, while H3K4me3 begins to appear 

from PN4–5 [24, 26]. Although RNAP II and its associated phosphorylated forms are equally 

incorporated into the maternal and paternal PNs by the late pronuclear stages [69], several studies 
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suggest that the paternal PNs are more susceptible to transcription compared with the maternal PNs 

or the nuclei of the 2-cell stage [35, 36, 70], although the reason for this difference is still unknown. 

Consistent with these reports, transcriptional alteration by the H3.3 K4M mutant was also observed 

predominantly in a paternal PN.  

 

 Furthermore, in silico screening and siRNA analyses successfully identified that Mll3/4 

derived from the maternal genome is likely responsible for the H3K4 methylation in paternal PNs. 

Previously, Mll2 was reported to be required for early embryogenesis, based on observations of 

~30% reduction of major ZGA and developmental arrest mainly at the 2-cell stage when it was 

knocked out [71]. In Mll2-deficient zygotes, decreased H3K4me2 and H3K4me3 were observed in 

maternal PNs, whereas H3K4me1 was unaffected [71]. In contrast, Mll3 and Mll4 are key 

methyltransferases that establish H3K4me1 at enhancers rather than promoters [41, 45]. These 

observations that the injection of the H3.3 K4M prior to but not after fertilization is necessary to 

induce developmental defects strongly suggests that alteration of H3K4 methylation in the early PN 

stages is a cause of the abnormal phenotype (Fig. 3A). Also, considering that H3K4me1 in paternal 

PNs is already established in the early pronuclear stages, while the appearance of paternal H3K4me3 

is not detected until the late pronuclear stages, the impairment of H3K4 methylation by H3.3 K4M 

mutant should mainly affect H3K4me1 rather than H3K4me3. Supporting this idea, knockdown of 

Mll3/4 in the early pronuclear stages also exhibited a similar phenotype, suggesting that H3K4me1 

in paternal PNs occurs mainly at enhancers rather than promoters. Although further studies using, for 

example, Chromatin immunoprecipitation sequencing (ChIP-seq) to confirm that H3K4me1 at 

enhancers is required for the onset of minor ZGA, this study proposes a role for enhancers in the 

onset of minor ZGA based on data showing that knockdown of genes involved in enhancer 

activation, such as Mll3/4 and p300 in zygotes, consistently exhibited developmental alterations as 
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well as reduction in transcription in paternal PNs.  

 As the results have demonstrated here, K-M mutants are useful tools for examining the 

effect of SET domain-dependent histone methylation at specific residues by a forward genetic 

approach, especially when compared with the use of K-R mutants, which have been widely used 

previously to investigate alterations in histone methylation. In this study, it was confirmed that 

unlike the H3.3 K4M mutant, the H3.3 K4R mutants did not affect endogenous H3K4 methylation or 

early embryonic development, as previously reported by Santenard et al. [26]. Furthermore, 

developmental defects in the H3.3-K36M mutant seem consistent with a previous study 

demonstrating that exogenous expression of H3.3 WT, but not H3.3 K36R, could rescue 

developmental defects of preimplantation embryos treated with H3.3 morpholinos [31]. 

Unexpectedly, a data revealed that the H3.3 K27M mutant, in which paternal endogenous H3K27 

trimethylation was markedly altered (Fig. 23), exhibits no significant effects in early embryonic 

development, conflicting with the findings of a previous study that demonstrated developmental 

alteration after injection of H3.3 K27R-EGFP mRNA. One possible explanation for this discrepancy 

is that there might be some differences in terms of chromatin incorporation efficiency between H3.3 

K27M and H3.3 K27R, as K27M is reported to associate with a SET domain of histone 

methyltransferases to block their catalytic activity, possibly causing less incorporation of chromatin 

attenuating its effectiveness. Alternatively, the influence of an EGFP-tag, the size of which is 

relatively large compared with the size of H3.3, could be considered. Another possible limitation of 

the K-M mutants is that the phenotype may vary depending on the expression level. This conclusion 

is suggested by the failure to observe any changes of H3K4 methylation levels in the maternal 

genome after the 2-cell stage, presumably because the amount of H3.3 K4M protein was insufficient 

to replace endogenous H3.3 or to inhibit the H3K4 methyltransferases.  
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 The role of several chromatin modifiers in ZGA has been reported previously. In addition 

to Mll2 [71], Brg-1 (also known as Smarca4), a catalytic subunit of the SWI/SNF chromatin 

remodelling complex, is highly expressed in zygotes, and loss of maternally derived Brg-1 in 

zygotes causes a ZGA phenotype including 2-cell stage arrest and reduced transcription of ~30% of 

the expressed genes, along with a reduction in H3K4me2 at the 2-cell stage [72]. Another example is 

Transcription intermediary factor 1 alpha (TIF1also known as Trim24): TIF1 ablation in zygotes 

induces mislocalization of RNAP II, SNF2H, and Brg-1, and causes developmental arrest at the 2- 

and 4-cell stages [73]. Considering that -amanitin, an RNA-synthesis inhibitor, blocks 

preimplantation development at the 2- to 4-cell stages, it is speculated that these factors are mainly 

involved in promoter H3K4 methylation during ZGA. In this case, however, significant changes in 

the localization of Brg-1 or RNAP II by siMll3/4 were not observed, and the growth arrest began 

only after the 4- to 8-cell stages. These differences may imply either a paternal-specific or an 

enhancer-specific effect of siMll3/4, or both. In addition, a previous genome-wide transcriptional 

study proposed a “stepwise” gene activation model that may be able to explain the delayed growth 

retardation. According to their model, one transcriptional wave triggers the following transcriptional 

waves during preimplantation development, and thus ZGA transcripts and their protein products 

would be required for the progression of embryos beyond the 4-cell stage [74].  

 In conclusion, this study not only demonstrates the importance of Mll3/4-mediated H3K4 

methylation in the onset of minor ZGA in the paternal genome by utilizing a forward genetic and 

siRNA approaches, but also suggests the importance of enhancer activation for minor ZGA. These 

findings provide new insights into how the genome adapts during the maternal-zygotic transition: i.e., 

the transformation from a transcriptionally quiescent state at fertilization to the robust but not 

promiscuous gene activation thereafter. Further investigations into this topic may rely on innovative 

technical improvements such as a single-cell ChIP-seq.  
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Fig. 23 Overexpression of H3.3K27M causes paternal PN-specific decrease of global 

H3K27me3 in PN4-5 zygotes. 

Immunostaining against H3K27me3 was performed for PN4-5 zygotes. White dashed lines indicated 

the edge of the PN4-5 PNs. Flag staining indicates the expression of H3.3-WT or –K27M mutants. 

Bars = 20 μm.  
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Summary 

 

 Epigenetic properties such as DNA methylation and histone modifications are dynamically 

altered predominantly in paternal pronuclei soon after fertilization. However, details concerning 

alterations in histone modifications remain elusive. To identify which histone modifications are 

required in early embryonic development, histone K-M mutants with single lysine (K) residues 

exchanged for methionine (M) were utilized, by which change the level of endogenous histone 

methylation at the mutated site is globally decreased. Four single K-M mutants for histone H3.3 K4, 

K9, K27, and K36, were prepared and the results successfully demonstrate that overexpression of 

H3.3 K4M in embryos before fertilization results in developmental arrest, whereas overexpression 

after fertilization does not affect development. Furthermore, loss of H3K4 methylation decreases the 

level of minor ZGA only in the paternal pronucleus. Furthermore, similar results from knockdown of 

Mll3/4, a H3K4 methyltransferase, were observed. Therefore, it was concluded that H3K4 

methylation, likely established by Mll3/4 at the early pronuclear stage, is essential for the onset of 

minor ZGA in the paternal pronucleus, which is necessary for subsequent preimplantation 

development in mice. 
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Chapter 2 

 

 

 

Establishment of Alternative Culture Method for Spermatogonial Stem 

Cells Using Knockout Serum Replacement 
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Introduction 

 

 Recent reports have demonstrated that Spermatogonial stem cells (SSCs), the most 

primitive male germ cells in adult individuals, can be dedifferentiated into pluripotent stem cells 

under the specific culture conditions without any exogenous reprogramming factors such as 

Yamanaka factors [75-77]. Since there is no report that unipotent stem cells can be reprogrammed 

except SSCs, its detailed mechanism should be elucidated for further understanding of 

reprogramming. Experimental study on SSCs in vitro, however, is difficult because present culture 

methods strongly rely upon the quality of the BSA. Similar to the use of animal serum products, 

such as FBS, problems often arise because of inconsistencies due to variations between batches and 

manufacturers. Thus, the establishment of a completely defined culture medium for SSCs without 

animal products has been eagerly anticipated to promote the study on SSCs in vitro.  

 SSCs are responsible for the constitutive supply of sperm throughout life. Similar to other 

types of unipotent adult stem cells, SSCs undergo either self-renewal or asymmetric cell division, 

with the latter producing daughter cells (i.e., differentiated spermatogonia). The choice between 

self-renewal or differentiation is profoundly regulated by both intrinsic and extrinsic factors. The 

extrinsic factors are quite complex, because SSCs in vivo are surrounded by various types of somatic 

cells and differentiated spermatogonia. For example, sertoli cells exist in seminiferous tubules and 

support the growth of neighboring germ cells, both structurally and as a source of cytokines and 

hormones. Thus, it was difficult to identify the essential extrinsic factors for culturing SSCs in vitro, 

until Nagano et al. reported the first example of an in vitro culture method using feeder cells [78]. 

Subsequently, Kubota et al. generated chemically-defined culture conditions by the addition of 0.2% 

(w/v) BSA, and identified certain extrinsic cytokines, including glial cell line-derived neurotrophic 

factor (GDNF), GDNF family receptor alpha 1 (GFRA1) and fibroblast growth factor 2 (FGF2) [79, 
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80]. This improvement allowed SSCs to be cultured for longer periods without altering their 

undifferentiated properties, thus providing an unlimited supply of SSCs. Therefore, this method has 

been utilized for various SSCs studies, such as gene manipulation and molecular/biochemical 

experiments. Similarly, Kanatsu-Shinohara et al. also developed a distinct culture system for 

germ-line stem cells (GSCs) using StemPro34-SFM, a serum-free medium originally developed for 

human hematopoietic cell culture [81]. However, the culture of GSCs requires 1% (v/v) FBS as well 

as 0.5% (w/v) BSA and cytokines, including GDNF and FGF2 [81].  

 To establish defined culture method without animal products, the utility of Knockout 

Serum Replacement (KSR), a commercially available, defined cell culture supplement for culturing 

mouse SSCs was investigated, based on a recent report by Sato et al. [82]. In this report, KSR was 

successfully used for in vitro testicular organ culture without serum and cytokines. Interestingly, they 

also found that AlbuMAX, a lipid-rich, high-quality BSA, could be used as a substitute for KSR. 

These observations suggested that BSA could be replaced by KSR for culturing SSCs in vitro. The 

compatibility of KSR with SSCs isolated from various mouse strains, as well as the possibility of 

reducing the cytokine supplementation in the culture medium containing KSR were also examined.   
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Materials and Methods 

 

Preparation of feeder cells 

 Mouse embryonic fibroblasts (MEFs) were isolated from ICR mouse embryos at 

embryonic day 13.5 (CLEA Japan). SIM mouse embryo-derived thioguanine- and ouabain-resistant 

fibroblasts (STOs) were purchased from the RIKEN BioResource Center Cell Bank (RCB0536). 

They were maintained in D-MEM (WAKO) supplemented with 10% FBS (EQUITECH-BIO, TX, 

USA), GlutaMAXI (Thermo Fisher Scientific) and penicillin/streptomycin (Thermo Fisher 

Scientific). After 3 or 4 passages, they were treated with 10 g/ml mitomycin C (WAKO) for 2 hours. 

After the treatment, the cells were washed twice with PBS and trypsinized, and then 5.0 or 2.5 x 10
4
 

cells/well of MEFs and 7.5 or 3.75 x 10
4
 cells/well of STOs were placed in 0.2% gelatin-coated 24 

well- or 48 well-plates, respectively. 

 

Culture medium 

 The composition of the basal culture medium for SSCs was described by Kubota and 

Brinster [80]. Briefly, MEM was supplemented with GlutaMAX-I (Thermo Fisher Scientific), 

penicillin/streptomycin (Thermo Fisher Scientific), 2-mercaptoethanol (Thermo Fisher Scientific), 5 

μg/ml insulin (Sigma-Aldrich), 10 g/ml transferrin (Sigma-Aldrich), 0.5 ml/L Fatty Acid 

Supplement (Sigma-Aldrich), 7.6 ueq/L Free Fatty Acid mixture {0.4 M Linolenic acid 

(Sigma-Aldrich), 1.0 M Oleic acid (Sigma-Aldrich), 0.2 M Palmitoleic acid (Sigma-Aldrich), 2.7 

M Linoleic acid (Sigma-Aldrich), 2.4 μM Palmitic acid (Sigma-Aldrich) and 0.9 μM Stearic acid 

(Sigma-Aldrich)}, 30 nM sodium selenite (Sigma-Aldrich), 10 mM HEPES 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Dojindo, Kumamoto, Japan), 60 M 

putrescine (Sigma-Aldrich), 1 ng/ml FGF-Basic Human Recombinant (Peprotech, NJ, USA), 20 
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ng/ml Human GDNF Unconjugated (Peprotech) and 150 ng/ml Recombinant Rat GFR alpha-1 Fc 

Chimera CF (R&D Systems, MN, USA). MEM non-essential amino acids solution (Thermo Fisher 

Scientific) and MEM Vitamin solution (Thermo Fisher Scientific) were also added. Depending on 

the experimental design, 0.2% (w/v) BSA (MP Biochemicals, SA, USA) and 2 or 10% (v/v) 

Knockout Serum Replacement (Thermo Fisher Scientific) were added. 

 

Isolation of SSCs 

 SSCs were isolated from postnatal day 8 testes of DBA/2NCrlCrlj (Charles River 

Laboratories Japan, Yokohama, Japan.), Jcl:ICR (CLEA Japan), C57BL/6JJcl (CLEA Japan) and 

129X1/SvJJmsSlc (Japan SLC, Shizuoka, Japan) mice, according to Kubota and Brinster [80]. 

Briefly, the testes were removed from the pups and washed with Hanks' Balanced Salt Solutions 

(HBSS) (Thermo Fisher Scientific), after removing the tunica albuginea. The testes were then 

digested by a solution of 5 mg/ml DNase I (Sigma-Aldrich) and 0.25% Trypsin-EDTA (Thermo 

Fisher Scientific), to disperse the seminiferous tubules. The reaction was stopped by adding FBS 

(Biofill, Victoria, Australia). The cells were filtered through a 35 m pore-cell strainer (Corning, NY, 

USA) and were centrifuged (600 g, 4°C, 3 minutes). The pellets were resuspended in HBSS, and 

layered onto a Percoll solution, which was centrifuged without using the centrifuge brake (600 g, 

4°C, 8 minutes). The pellet was washed with PBS supplemented with 1% FBS, 10 mM HEPES, 1 

mg/ml glucose (Sigma-Aldrich), and penicillin/streptomycin (PBS-S), and was centrifuged again 

(600 g, 4°C, 3 minutes). The pellets were resuspended in PBS-S. Magnetic microbeads conjugated 

with anti-CD90.2 (Miltenyi Biotech, Gladbach, Germany) were added to the cell suspensions, which 

were incubated at 4 °C for 30 minutes. The cell suspensions were applied to an MS column 

(Miltenyi Biotech), and the magnetically retained cells were collected. After centrifugation at 600 g 

at 4 °C for 3 minutes, the pellets were resuspended with culture medium, and spread onto feeder 
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cells.  

 

SSC transplantation 

 CD1-Foxn1nu (also known as ICR nude) male mice were used as recipients. 5-week-old 

recipients were treated with busulfan (Sigma-Aldrich, 40 mg/kg i.p.) to deplete endogenous germ 

cells. At 4–6 days after treatment, mice were subjected to bone marrow transplantation to avoid 

pancytopenia caused by busulfan treatment. Transplantation was performed at 5–6 weeks after 

busulfan treatment. SSCs were isolated from the P8 testes of DBA/2 mice carrying a histone 

H4-Venus gene, in which an H4-Venus fusion protein was expressed by a histone H4 promoter [60] 

as described above. Isolated SSCs were cultured for 3-4 weeks, and immediately before 

transplantation, SSCs were trypsinized and subjected to a feeder cell removal kit (Miltenyi Biotech) 

to eliminate MEFs. A total of 2.5 × 10
5
 SSCs were injected per testis (n=4). At 8 weeks after 

transplantation, testes were removed from recipient mice for further examination.  

 

Immunostaining of SSCs 

 After the culture medium was removed from the wells, the cells were washed with PBS, 

fixed with 4% paraformaldehyde (Wako) for 20 minutes at room temperature (RT), and then washed 

with PBS three times. Permeabilization was performed with 0.1% Triton X-100 at RT for 10 minutes, 

followed by two washes with PBS. Blocking was performed with 1.5% Blocking reagent (Roche, 

Basel, Switzerland) at RT for 1 hour. After blocking, the cells were incubated with the Anti-germ 

cell-specific antigen (GENA) monoclonal antibody clone TRA98 (Bio Academia, Osaka, Japan) 

(1:500) at 4°C overnight, and Alexa Fluor 488 goat anti-Rat IgG (Thermo Fisher Scientific) 

(1:1,000) was used for detection.  
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Feeder removal, RNA extraction and RT-qPCR 

 The SSCs and feeder cells were detached from the culture plates by trypsinization. The 

feeder cells were then removed by using Feeder Cell Removal microbeads (Miltenyi Biotech), 

according to the manufacturer’s protocol. Total RNA was extracted using a NucleoSpin RNA II kit 

(Macherey-Nagel, Düren, Germany). The total RNA from mouse J1 embryonic stem cells (ESCs, 

ATCC SCRC-1010) was kindly provided by Dr. T. Kawamura, Kyoto University. Reverse 

transcription was performed by using the SuperScriptIII First Strand Synthesis System (Thermo 

Fisher Scientific), according to the manufacturer’s protocol. qPCR samples were prepared with 

KAPA SYBR FAST qPCR Kit Master Mix (2X), using an ABI Prism Genetic Analyzer (KAPA 

Biosystems). The reactions were performed with ABI StepOne (Thermo Fisher Scientific). The PCR 

primers are listed in Table 3. The results were normalized to the expression level of ribosomal 

protein S7 (Rps7), because its expression level was stable and independent of the differentiation 

state of the SSCs (data not shown).  

 

Cell cycle analysis by flow cytometry 

 The SSCs and feeder cells were detached from the culture plates by trypsinization and 

suspended in PBS-S. Cells were incubated with the Vybrant DyeCycle Orange Stain (Thermo Fisher 

Scientific) at 37°C for 30 minutes in the dark. They were filtrated by a 35 μm pore-cell strainer 

(Corning) and used for flow cytometry analysis by FACSCalibur flow cytometer (Becton Dickinson, 

NJ, USA). Cell cycle analysis was performed with Flowjo software (ver. 7.6.5. FLOWJO, OR, 

USA). 

 

Statistical analysis 

 Student-t test was performed between two groups. Bartlett’s test was used to check for 
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equality of variance, whereupon ANOVA and Tukey–HSD test were performed among more than 

two groups . 

 

Ethics statement 

 All experimental procedures involving animals were approved by the Animal Experiment 

Ethics Committees at the Graduate School of Medicine, Kyoto University (MedKyo11094) and the 

Institute of Molecular and Cellular Biosciences, The University of Tokyo (#23015), respectively. The 

experiments were conducted in accordance with the Guidelines for the Care and Use of Laboratory 

Animals of the Kyoto University and the University of Tokyo. All efforts were made to minimize 

animal suffering and discomfort and to reduce the number of animals used. 
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Table 3 Primer sequences for RT-qPCR 

 

 

 

 

 

 

 

 

 

 

 

Primer
Sequence

Forward (5’3’) Reverse (5’3’)

Etv5 gatcagcaagtcccttttatgg aaatctgggacaaactgctcat

Gfra1 cagggaaatgacctactggaag ttgttccctttggaaatgtgt

Ngn3 agactcccatacttcctggtga aagacgcaacactggattaggt

Bcl6b cgtgcttagcaatctgaatgag tgaatagaagaagccactgcaa

Lhx1 agcgaaggatgaaacagctaag gggaccgtagtactcactctgg

Kit tgacaaattcaccctcaaagtg ggagttcacggatgtagacaca

Stra8 tggataagttgctgaagctcaa gggactgtcctgaagaaaactg

Rps7 aaagccgtacgaaaaataagca gtttcacacggatcctcttacc
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Results 

 

SSCs grow efficiently in the presence of KSR on MEFs 

 To examine the effect of KSR on the SSCs culture, four different combinations of BSA 

and KSR was tested as summarized in Fig. 24. In addition, the compatibility with two types of 

popular feeder cells (STOs and MEFs) was also examined (Fig. 24A). Among these conditions, 0.2% 

BSA and STOs (STO_BSA) corresponded to the conventional conditions reported by Kubota et al. 

[79]. After 6 weeks of culture on MEF feeder cells, a substantial cell growth was observed with 10% 

KSR alone (MEF_10K). The doubling time was 5.5 ± 2.7 days, which was equivalent to that of the 

conventional culture method (5.6 ± 0.2 days, [79]) (Fig. 24A). Remarkably, SSCs cultured with 

0.2% BSA plus 2 or 10% KSR (MEF_B2K and MEF_B10K) exhibited the highest growth rates (the 

doubling times were 3.9 ± 0.2 days for MEF_B2K and 3.8 ± 0.1 days for MEF_B10K) as compared 

to the MEF_10K and other conditions (Fig. 24A, B). To the contrary, BSA alone (MEF_BSA) failed 

to support the cell growth, as most of the cells detached from the feeder cells before they formed 

colonies (Fig. 24A, B). These data suggested that KSR alone can maintain the in vitro growth of 

SSCs by substituting for BSA, when MEF cells were used as feeder cells. Furthermore, the addition 

of BSA to KSR significantly accelerated the cell growth, even though by itself it is incapable of 

supporting cell growth (Fig. 24A, B). In contrast, in the case of using STO feeder cells, only 

STO_BSA exhibited transient colony formation, which remained small, and eventually disappeared 

within 2 weeks (Fig. 24A, B). No proliferation of SSCs was observed in STO_10K, STO_B2K and 

STO_B10K after the culture was initiated, indicating that STO failed to support the growth of SSCs, 

even in the presence of both KSR and BSA (Fig. 24A, B).  

 Morphologically, MEF_B10K SSCs formed “grape-shaped” colonies, which were typical 

for SSCs colonies (Fig. 24B, inset). These colonies were all positive for GENA, a specific marker of 
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germ cells, whereas the numerous cell clumps observed in cultures with STOs contained very few 

GENA positive cells, indicating that they were composed of either dead germ cells or originated 

from the STOs (STO_BSA, STO_10K, and STO_B10K, Fig. 25).  

 Finally, whether SSCs cultured with KSR maintained the stemness in vivo was tested. 

Since previous studies revealed that the in vitro cultured cells usually consist of SSCs and non-stem 

cell progenitors, with the latter having lost their self-renewal capability [83], the MEF_BSA, 

MEF_10K and MEF_B10K SSCs were subject to transplantation into the testes of busulfan-treated 

ICR nude mice, in which their own germ cells were depleted. Unfortunately, however, MEF_BSA 

could not be tested, because a sufficient number of cells for the transplantation were not able to be 

obtained, due to poor cell growth (Fig. 24A). Unexpectedly, although MEF_B10K allowed the cells 

to proliferate significantly faster than MEF_10K in vitro (Fig. 24A), both MEF_10K and 

MEF_B10K cells were successfully engrafted with equivalent stem cell activity (Fig. 26A-C), 

strongly indicating that KSR alone is capable of maintaining the SSCs activity in vivo.  

 

Gene expression properties are maintained in SSCs cultured with KSR 

 Since it had been confirmed that the SSCs cultured with KSR possess stemness in vivo, 

RT-qPCR was performed to investigate whether the gene expression properties of SSCs were 

influenced by KSR. Since KSR was originally developed to maintain embryonic stem cells (ESCs), 

the expression levels of Nanog and Plzf were first examined. Nanog is highly expressed in ESCs as 

well as primordial germ cells, but is disappeared in male germ cells by E16.5 [84], whereas Plzf is a 

marker of undifferentiated spermatogonia, including SSCs [85]. For this purpose, MEF_B10K was 

compared with STO_BSA, a previously reported conventional condition, and GSCs, which are also 

considered to be SSCs originated from gonocytes existing only in infant testis, and can be cultured in 

vitro in a distinct culture medium with a doubling time of approximately 2.6 days [81]. Mouse ESCs  
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Fig. 24 KSR can substitute for BSA in SSCs cultures on MEFs 

(A) Growth curves of SSCs cultured with the various combinations of BSA, KSR, MEFs and STOs 

(left panel) summarized in the table (right panel). Week zero indicates the day when the SSCs were 

isolated from postnatal day 8 testes of DBA/2 mice. The number of SSCs was counted at the 

indicated time points, and the cell counts are presented as means ± SD from three independent 

biological repeats There are statistically significant differences in the data from 5 and 6 wks between 

MEF_B2K/B10K and MEF_10K (* p<0.01, ** p<0.05, ANOVA, Tukey’s HSD test). Crosses (×) 

with STO_BSA and MEF_BSA indicate that cells could not be counted because of massive cell 

death and exfoliation. No proliferation was observed in SSCs cultured under the STO_10K, 

STO_B2K and STO B10K conditions. The calculated doubling times are also shown in the table 

(right panel). N.D., not determined due to inefficient proliferation. (B) Phase contrast images of 

SSCs from the indicated culture conditions. Scale bar, 100 μm. The magnified view shows a 

“grape-shaped” colony, which is typical for undifferentiated SSCs.  
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Fig. 25 “Grape-shaped” colonies in MEF_B10K are positive for GENA 

Immunofluorescent analysis of SSCs, grown under different culture conditions, with the anti-GENA 

antibody, a germ cell-specific marker. GENA-positive cells are green in the upper panels, and phase 

contrast-merged images are shown in the lower panels. Scale bar, 100 μm. 
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Fig. 26 SSCs cultured with KSR retain the stemness 

(A, B) Representative images of mouse testes transplanted with Venus-expressed MEF_10K (A) or 

MEF_B10K SSCs (B), respectively. Gross Venus fluorescence images (left panels) and histological 

sections (Venus fluorescent images in upper panels, and Hoechst images in lower panels) are shown. 

Donor-derived Venus-positive cells are green, and the yellow fluorescence is caused by the 

auto-fluorescence of testicular tissue. Scale bars are as indicated. (C) Quantification of stem cell 

activities of MEF_10K and MEF_B10K by a transplantation assay. The graph presents the number 

of Venus-positive SSCs colonies per 10
5
 transplanted cells ± SEM (n=3 per group). There was no 

significant difference between MEF_10K and MEF_B10K by Student- t test (p=0.783). 
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served as positive and negative controls for Nanog and Plzf, respectively. The results demonstrated 

that MEF_B10K produced higher levels of Nanog, as compared with STO_BSA, but it was 

comparable to GSCs (Fig. 27). The expression level of Plzf was similar among the three samples 

(Fig. 27), indicating that the cells cultured with MEF_B10K properly maintained the status of 

undifferentiated spermatogonia.  

 The mRNA expression levels in cells cultured on MEFs were compared with different 

combinations of KSR and BSA, as shown in Fig. 27, to see if the gene expression patterns were 

related to the growth rates. To evaluate the differentiation status, five markers for undifferentiated 

spematogonia (Gfra1, Etv5, Bcl6b, Lhx1, and Neurog3) and two markers for 

differentiating/differentiated spermatogonia (c-Kit and Stra8) were tested. The cells in each group 

were prepared by changing the media from MEF_B10K to either MEF_BSA, MEF_10K, or 

MEF_B2K, and then culturing them for three weeks before isolating the RNA. However, the cells in 

the MEF_BSA culture started to detach from the feeder cells a few days after the medium was 

changed, as observed in Fig. 24A. Therefore, that culture was stopped at day 10, and isolated the 

RNA. As a result, all four samples cultured on MEF (i.e., MEF_BSA, MEF_10K, MEF_B2K and 

MEF_B10K) exhibited intermediate expression levels of undifferentiated spermatogonial markers, 

between those of GSCs and STO_BSA [75] (Fig. 28). However, no crucial differences in the 

expression levels of these genes were observed among the four samples, although the proliferation of 

MEF_BSA was quite limited. Similarly, the expression levels of c-Kit and Stra8, which are markers 

of differentiating/differentiated spermatogonia, were also unaltered, except for the subtle increase of 

Stra8 in MEF_B10K (Fig. 28). Taken together, these results suggested that utilizing KSR is effective 

to ensure the cell proliferation in vitro, without altering the gene expression properties.   

 To further investigate how KSR facilitated the cell growth, the effect of KSR on the cell 

cycle was examined. At 5 days after changing the culture conditions from MEF_B10K to either 
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MEF_BSA or MEF_10K, a significant decrease of cells in G2/M phase in MEF_BSA was observed 

accompanied by a marked increase of cells in G1-phase and a subtle reduction of cells in S-phase 

(Fig. 29). MEF_10K exhibited the intermediate phenotype between MEF_B10K and MEF_BSA in 

each phase of cell cycle (Fig. 29), clearly suggesting that KSR can ensure the cell cycle progression, 

and the combined use of KSR with BSA further supports the effect on the cell cycle in vitro.  

 

The addition of GDNF is sufficient in the presence of KSR. 

 The presence of certain cytokines is essential to maintain the stemness of SSCs in vitro by 

creating a favorable environment, and several cytokines and growth factors that enhance the 

proliferation of SSCs have been identified. Among them, GDNF, provided by the sertoli cells 

adjacent to the SSCs in vivo, is crucial for the self-renewal of SSCs in vitro as well [79]. In addition 

to GDNF, GFRA1 and FGF2 also support the continuous proliferation of SSCs in vitro. Since the 

combination of KSR and BSA (MEF_B2K or MEF_B10K) significantly facilitated the cell 

proliferation in vitro, it was next tested whether the presence of both KSR and BSA could allow the 

variety and/or amounts of cytokines to be reduced. Since MEF_B2K and MEF_B10K exhibited 

similar growth rates (Fig. 24), MEF_B2K was used as the basal medium, and four distinct culture 

conditions with reduced amounts/types of cytokines, as shown in Fig. 24, were tested to assess the 

effects on cell growth and gene expression.   

 The cell growth analysis revealed that the removal of GFRA1 and FGF2 did not affect the 

proliferation of SSCs as long as GDNF was supplemented, suggesting that these two cytokines were 

dispensable in the presence of KSR (Fig. 30). Furthermore, although the complete elimination of 

GDNF caused severe growth retardation, a 75% reduction in the GDNF concentration (from 20 

ng/ml to 5 ng/ml) still supported continuous cell proliferation, with doubling times of 3.5 ± 0.1 days 

(20 ng/ml GDNF) and 4.0 ± 0.3 days (5 ng/ml GDNF) (Fig. 30A). The gene expression analysis  
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Fig. 27 Gene expressions for undifferentiated spematogonia and ESC markers are maintained 

in SSCs cultured with KSR.  

Relative expression levels of marker genes for undifferentiated spermatogonia (Plzf) and ESCs 

(Nanog). Data are presented as means ± SD from three independent experiments. The Y-axis 

indicates the relative expression level, with the value of MEF_B10K set to 1 for each group. 
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Fig. 28 Gene expressions for undifferentiated and differentiated spermatogonial markers.  

Relative expression levels of other undifferentiated spermatogonial markers (Gfra1, Etv5, Lhx1, 

Bcl6b, and Neurog3) and differentiated spermatogonial markers (c-Kit and Stra8). Data are presented 

as means ± SD from three independent experiments. The Y-axis indicates the relative expression 

level, with the value of MEF_B10K set to 1 for each group. 
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Fig. 29 Cell cycle analysis of SSCs cultured with KSR 

(A) Cell cycle analyses by flow cytometry at 5 days after the medium change from MEF_B10K to 

each indicated condition. Histograms are representative examples of each sample. The tables under 

each histogram indicate the percentages of each cell cycle stage. The histograms are colored 

according to each cell cycle stage. Green: G1 phase. Ocher: S phase. Light blue: G2/M phase. (B) 

Quantification of the results shown in (A). The graph is presented as means of the percentages ± SD 

from three independent experiments. Asterisks indicate statistical significance (*p < 0.01, **p < 0.05, 

ANOVA, Tukey’s HSD test).  
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revealed that the expression levels of undifferentiated markers (Etv5, Gfra1) were maintained even 

when the amounts of the cytokines were reduced (Fig. 30B). On the other hand, the expression levels 

of Neurog3 and c-Kit were greatly increased without GFRA1 and FGF2, but the cell growth was 

unaltered. However, although the increase in c-Kit indicated that the cells were differentiating, the 

expression of Stra8, a marker of further differentiated spermatogonia, remained low, indicating that 

the SSCs without GFRA1 and FGF2 were not completely differentiated, and thus were capable of 

proliferation in vitro. These results demonstrated that KSR is effective to maintain cell growth in the 

presence of lower cytokine concentrations in the SSCs culture medium.  

 

SSCs derived from ICR and B6 mice can be cultured under the alternative conditions 

 One of the most influential factors for culturing SSCs in vitro is the mouse strain from 

which the SSCs are isolated. Previous studies demonstrated that SSCs isolated from DBA/2 mice 

proliferate more quickly than those from other strains such as C57BL/6 (B6), which reportedly 

requires GFRA1 and FGF2 for continuous proliferation [79, 80]. In fact, presumably due to a 

substandard batch of BSA for the SSCs culture, SSCs from non-DBA/2 strains were unable to be 

cultured in vitro under the conventional culture conditions, despite multiple attempts and increased 

concentrations of cytokines (data not shown). Thus, it was next tested whether the combination of 

KSR and BSA was applicable to SSCs from non-DBA/2 strains, including B6, ICR and 129Sv. For 

this experiment, all of the recommended cytokines (i.e. GDNF, GFRA1, and FGF2) were used, 

because a previous study demonstrated that SSCs isolated from B6 x B6:129 (i.e. 75% B6 and 25% 

129Sv) mice require these cytokines for efficient proliferation [79].  As a result, although more 

time was required for the initiation of the proliferation, the SSCs derived from the B6 and ICR 

strains started to proliferate exponentially after about 4 weeks, and the doubling times between the 

5
th

 and the 7
th

 week were calculated as 3.7 ± 0.4 days (ICR), 5.1 ± 0.3 days (C57BL/6) and 2.5 ± 0.1 
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days (DBA/2) (Fig. 31A). Once they started to proliferate regularly, they formed tight colonies, 

which were indistinguishable from those of DBA/2 (Fig. 31B), implying the effectiveness of KSR 

for non-DBA/2 strains. However, the SSCs from 129Sv, which are reportedly the most difficult to 

establish, never proliferated under this condition, and thus further modifications are required for 

129Sv. 
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Fig. 30 GDNF is indispensable but can be reduced in the presence of KSR.   

(A) Growth curves of SSCs under reduced cytokine conditions (left), summarized in the table (right 

panel). The number of SSCs was counted at the indicated weeks, and the cell counts are presented as 

means ± SD from three independent experiments. No proliferation was observed in Null condition. 

(B) Relative mRNA expression levels of undifferentiated spermatogonial markers (Gfra1, Etv5 and 

Neurog3) and differentiating/differentiated spermatogonial markers (c-Kit and Stra8) were examined 

at 12 hours after the medium change from the full cytokine conditions to the indicated conditions. 

RA48 cells are differentiated SSCs treated with retinoic acid for 48 hours. Data are presented as 

means ± SD from three independent experiments. The Y-axis indicates relative expression level to 

the value of Full, set to 1 for each group. 

 

 

A

B

R
el

at
iv

e 
ex

p
re

ss
io

n
 l

ev
el

 

(F
u

ll
=

1
)

Etv5

0

0.2

0.4

0.6

0.8

1

1.2

F
u

ll

G
2

0

G
5

R
A

4
8

Gfra1

0

0.5

1

1.5

2

F
u

ll

G
2

0

G
5

R
A

4
8

Ngn3

0

1

2

3

4

5

6

F
u

ll

G
2

0

G
5

R
A

4
8

Kit

0

2

4

6

8

10

F
u

ll

G
2

0

G
5

R
A

4
8

0

2

4

6

F
u

ll

G
2

0

G
5

R
A

4
8

Stra8

…

106

Cytokine
Full G20 G5 Null

No proliferation

GDNF 20 ng/ml 20 ng/ml 5 ng/ml -

GFRA1 150 ng/ml - - -

FGF2 1 ng/ml - - -

0.2% BSA + 2% KSR

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

0 1 2 3 4 5 6 7 8 wks

103

102

10 

1 

104

105

106

R
el

at
iv

e 
ce

ll
 c

o
u
n
ts

 

(0
 w

k
s 

=
1

)



76 

 

 

 

 

 

 

 

 

Fig. 31 SSCs derived from ICR and B6 can be cultured under the alternative conditions.  

(A) Growth curves of SSCs derived from ICR, B6 and DBA/2 mice (left), summarized in the table 

(right). The number of SSCs was counted at the indicated time points, and cell counts are presented 

as means ± SD from three independent experiments. The calculated doubling times are also shown in 

the table (right). (B) Phase contrast images of SSCs colonies derived from ICR, B6 and DBA/2 

mice. Scale bar = 100 μm.  
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Discussion 

 

 For cell culture, the development of serum-free, defined culture medium is beneficial to 

disseminate experimental methods to other laboratories with high reproducibility and reliability, 

since the quality of serum varies depending on the batch, the manufacturers’ preparation methods, 

and even between individual animals. In addition, primary cells are usually sensitive to 

serum-containing inhibitory materials, whereas fibroblast-derived feeder cells selectively proliferate 

due to the growth factors within FBS. One of the major purposes for adding serum is to provide 

hormones or growth factors to stimulate cell replication. Therefore, supplementation of the media 

with optimal amounts of individual hormones and growth factors can eliminate the need for serum, 

without affecting the growth or other characteristics of the cells. For SSCs, previous studies reported 

the development of defined serum-free media by utilizing ideal cytokines, which support the 

long-term culture while maintaining the stemness [79, 80]. However, these reported conditions are 

strongly dependent on the BSA, which sometimes causes spontaneous differentiation of SSCs due to 

its inconsistent quality as an animal product.  

 In this study, it was demonstrated that KSR, a commercially available serum-free 

supplement, can substitute for the BSA in both in vitro and in vivo SSCs cultures without affecting 

their properties, such as the stem cell activity and gene expression. In addition, the combined use of 

KSR with BSA significantly ensures cell proliferation by facilitating cell cycle progression.  KSR 

was initially employed for ESCs, since it prevented spontaneous differentiation, and it was 

subsequently utilized for other types of stem cells including human embryonic germ cells [86], 

suggesting its usefulness for culturing SSCs. In support of this idea, Sato et al. recently demonstrated 

that KSR is vital for testicular organ culture, and they further verified that KSR and high-quality 

BSA exert similar effects, suggesting that KSR is useful as an alternative for BSA for in vitro culture 
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of SSCs [82]. However, another group reported that KSR did not support the long-term culture of 

SSCs, when it was used with DMEM/F12 basal medium and STO feeders [87], suggesting that 

compatibility with the basal medium and feeder cells is also critical. Indeed, KSR along with STO 

feeder cells and the conventional MEM-based medium previously reported by Kubota et al. were 

unable to be utilized [79, 80], and tsherefore MEF feeders were used instead (Fig. 24A). Since the 

conventional medium is reportedly compatible with STOs, KSR might have a detrimental effect on 

STOs, as observed morphological alterations of the STOs in the presence of KSR (Fig. 24B). 

Similarly, BSA alone was incompatible with MEFs in the absence of KSR in the culture conditions, 

as it caused the detachment of SSCs from MEFs (MEF_BSA, Fig. 24A). This was probably one of 

the major reasons why cell growth was inhibited, besides the impairment of cell cycle progression 

(Fig. 29). Furthermore, it is also intriguing that KSR facilitates the cell cycle progression of SSCs, 

because this effect hasn’t been reported in ESCs and other types of stem cells.  

Another remarkable finding is that even though KSR increased the growth rates of SSCs to a 

level close that of GSCs, the gene expression properties were still relatively similar to those of SSCs 

cultured under the conventional conditions. GSCs are isolated from gonocytes, which are more 

primitive germ cells than SSCs, and they are sometimes converted to ESC-like pluripotent stem cells 

that generate embryonic carcinomas [75]. This cancerous conversion would be disadvantageous for 

clinical usage, such as SSCs transplantation for the treatment of infertility. From this viewpoint, the 

qualities of KSR, which enhances the cell growth and maintains the stem cell activity simultaneously, 

seem to be suitable for the clinical applications of SSCs.  

 In addition, KSR not only allowed a significant reduction in the GDNF concentration for 

SSCs from the DBA/2 strain, but also was effective for SSCs from non-DBA/2 strains, except for 

129Sv. Among the various mouse strains, B6 is the most widely-used strain for multiple purposes, 

while ICR is also popular because of its fecundity. Thus, as long as KSR is used, backcrossing to 
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DBA/2 is no longer required, when these two mouse strains are used to isolate and culture the SSCs. 

Unfortunately, however, KSR failed to support the culture of 129Sv SSCs, which are regularly used 

for in vivo gene targeting due to their high frequency of recombination. The exact reason for the 

strain-dependency is still unknown, but previous reports indicated that it might be caused by the 

sensitivity and/or dependency of the GNDF receptors. Thus, the effect of KSR is probably not due to 

an alteration of the GDNF pathway but to other reasons, such as osmolarity [88].  

 This study concluded that KSR is a reliable substitute for BSA that does not affect the 

properties of SSCs. This finding provides efficient and stable culture conditions for SSCs and 

bypasses the problems with the use of BSA, and thus will facilitate various studies using SSCs, 

including therapeutic applications. 
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Summary 

 

 Since SSCs are capable of both self-renewal and differentiation to daughter cells for 

subsequent spermatogenesis, the development of an efficient in vitro culture system is essential for 

studies related to spermatogenesis. Although the currently available system is serum-free and 

contains only chemically-defined components, it highly relies upon BSA, a component with 

batch-to-batch quality variations similar to those of fetal bovine serum. Thus, an alternative 

BSA-free culture system that preserved the properties of SSCs was searched. In this study, KSR in 

the SSCs culture medium was utilized as a substitute for BSA. The results demonstrated that KSR 

supported the continuous growth of SSCs in vitro and the SSCs activity in vivo without BSA, in a 

feeder-cell combination with mouse embryonic fibroblasts. The addition of BSA to KSR further 

facilitated cell cycle progression, whereas a transplantation assay revealed that the addition of BSA 

did not affect the number of SSCs in vivo. The combination of KSR with BSA also allowed the 

elimination of GFRA1 and FGF2, and the reduction of the GDNF concentration from 20 ng/ml to 5 

ng/ml, while maintaining the growth rate and the expression of SSCs markers. Furthermore, KSR 

was also useful with SSCs from non-DBA/2 strains, such as C57BL/6 and ICR. These results 

suggested that KSR is an effective substitute for BSA for long-term in vitro cultures of SSCs. 

Therefore, this method is practical for various studies related to SSCs, including spermatogenesis 

and germ stem cell biology. 
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Conclusion 

 

 Reprogramming is the process that differentiated cells become to undifferentiated state by 

dynamic alterations of epigenetic modifications such as DNA methylations and hitsone 

modifications. It occurs naturally in zygotes soon after fertilization and primordial germ cells and it 

is artificially induced by nuclear transplantation into enucleated unfertilized oocytes or gene 

transfection of defined transcription factors. Although reprogramming is induced by artificially, the 

success rate is much lower than the natural one and the difference of molecular mechanisms between 

natural and artificial is also unclear. Elucidating molecular mechanisms of reprogramming cannot 

only provide new insights into basic life sciences such as molecular biology and embryology but 

also promote the development of regenerative medicines by improving the reprogramming 

efficiency. I studied reprogramming in germ cells to reveal the molecular mechanism. 

 In chapter1, the roles of histone modifications during reprogramming occurring at the PN 

stage soon after fertilization were examined. Although histone modifications are altered in the 

paternal pronucleus at the PN stage, the most important histone modification for the early embryonic 

development has not yet been determined. In this study, the roles of histone methylations were 

studied by abrogating global histone methylations with K-M mutants, which prevent endogenous 

histone methylation at the mutated site. Four K-M mutants (H3.3 K4M, K9M, K27M and K36M) at 

the sites required for transcription were used and H3.3 K4M overexpression demonstrated that H3K4 

methylation is required for minor ZGA and subsequent early embryonic development. Furthermore, 

knockdown of Mll3 and Mll4, H3K4 methyltransferases, indicated same results as the 

overexpression of H3.3 K4M. These results suggested that H3K4 methylation, likely established by 

Mll3/4 at the early PN stage, is essential for the onset of minor ZGA in the paternal pronucleus and 

subsequent early embryonic development in reprogramming at the PN stage in mice. 

 In chapter 2, availability of KSR and MEFs for SSCs culture was examined to establish 
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effective culture method of SSCs. Previous culture methods required BSA, an animal product with 

quality variations depending on manufactures or lots, which made it difficult to maintain 

reproducible culture conditions. As a recent report has demonstrated that KSR was successfully used 

for testicular organ culture in vitro without serum and cytokines, I examined whether KSR can be 

also used for SSCs culture instead of BSA. SSCs cultured with KSR showed high proliferation 

activity without BSA, and furthermore, transplantation of SSCs under the condition revealed that 

they retained stemness, which indicated that KSR can be used as a substitute for BSA in SSCs 

culture. Adding both KSR and BSA showed higher proliferation activity compared to only KSR, 

could remove GFRA1 and FGF2 and reduced the GDNF concentration from 20 ng/ml to 5 ng/ml. 

Although previous cultured methods can support SSCs growth only derived from DBA/2 strain 

mice, combination of KSR and BSA can make it possible to culture SSCs derived from ICR and B6 

strains. These results suggest that KSR can make SSCs culture effectively and facilitate studies on 

SSCs derived from various mouse strains. 

 In this study, the role of histone methylation in reprogramming at the PN stage in mice was 

revealed and efficient SSCs culture was established. These results should contribute to elucidation of 

the molecular mechanisms of reprogramming in mouse germ cells and improvement of the artificial 

reprogramming efficiency. 
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Summary in Japanese 

 

 リプログラミングとは DNA メチル化やヒストン修飾などのエピジェネティック修飾が

大きく変化することにより，一度分化した細胞が未分化状態に戻る機構である。自然界で

は受精直後の受精卵や始原生殖細胞において，人工的には未受精卵への核移植や転写因子

の遺伝子導入により引き起こされる。リプログラミングは現象としては人工的に再現でき

るものの，その効率は自然界のものに比べて著しく低く，両者の分子機構の違いも明らか

ではない。リプログラミングの分子機構の解明は分子生物学や発生学といった基礎生命科

学に新規の知見をもたらすだけでなく，リプログラミング効率の向上を可能にし，再生医

療の発展をより一層推し進めることができる。そこで，生殖細胞に生じるリプログラミン

グに着目し，その分子機構を明らかにすることを目的とし，研究を行った。 

 第一章では受精直後の受精卵前核期に生じるリプログラミングにおけるヒストン修飾の

役割を調べた。前核期では特に雄性前核においてヒストン修飾が大きく変化することが知

られているが，どのヒストン修飾が初期胚発生に最も重要であるかはわかっていない。本

研究では転写に重要なヒストンメチル化修飾 (H3.3K4, K9, K27, K36) に焦点を絞り，それ

ぞれのリジン残基をメチオニン残基に変換した変異体 (K-M 変異体) を用いて当該部位の

内在性メチル化修飾を消去することで，前核期におけるヒストンメチル化修飾の役割を調

べた。その結果，雄性前核における H3K4 メチル化が胚性ゲノム活性化 (minor zygotic gene 

activation: minor ZGA) とその後の初期胚発生に必須であることがわかった。更に， H3K4 メ

チル化酵素のうち，Mll3/4 をノックダウンした時に H3K4 メチル化修飾を消去した場合と

同様の結果が認められた。以上の結果から，マウス受精卵前核期に生じるリプログラミン

グにおいて，雄性前核において Mll3/4 により成立する H3K4 メチル化が雄性前核の 

minor ZGA の開始と初期胚発生に必須であることがわかった。 

 第二章では精原幹細胞 (Spermatogonial stem cells: SSCs) の効率的な培養方法の開発を目
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的として Knockout Serum Replacement (KSR) と Mouse embryonic fibroblast (MEF) の有用性

を調べた。従来の培養法では Bovine serum albumin (BSA) の添加が必須であったが，動物由

来の BSA はロット間や製造者間でのばらつきがあり，再現性のある培養条件を保つことが

難しかった。近年，血清代替産物である KSR を用いることで血清やサイトカインを用いず

に精巣の臓器培養が可能であることが報告された。そこで，KSR が BSA の代替物として

SSCs の培養にも適用できるかどうかを調べた。 その結果，KSR を添加すると BSA 非添

加の条件でも SSCs は高い増殖活性を示し，ヌードマウスへの移植実験においても幹細胞

性を保持していることが確認されたため，KSR が BSA の代替物として利用可能であるこ

とがわかった。また，KSR と BSA を同時に添加することで，BSA非添加条件と比べて高

い増殖活性を示した。更に従来の培養法では三種類のサイトカイン (Glial cell line-derived 

neurotrophic factor: GDNF，GDNF family receptor alpha 1: GFRA1，Fibrous growth factor 2: 

FGF2) の添加が必要であったが， GDNF のみで SSCs の培養が可能となり，必要な GDNF 

量も 20 ng/ml から 5 ng/ml まで減らすことができた。これまでの培養法では DBA/2 マウ

ス由来の SSCs しか培養できなかったが，KSRと BSA を添加した条件下では ICR マウス

と C57BL/6 マウス由来の SSCs も培養可能となった。以上から，KSR を添加することで

SSCs の培養がより効率的になり，様々なマウス由来の SSCs を用いた研究を行うことが可

能となった。 

 本研究によりマウス受精卵前核期リプログラミング機構の一端が解明されるとともに，

マウス SSCs の効率的な培養が可能となった。本研究の知見はマウス生殖細胞におけるリ

プログラミング機構の解明に貢献するものであり，人為的リプログラミングの更なる効率

化にも資することが期待される。 

 


